A unique tissue-engineered model of peripheral nerve regeneration was developed in vitro to study neurite outgrowth. Mouse dorsal root ganglia neurons were seeded on a collagen sponge populated with human endothelial cells and/or human fibroblasts. Addition of nerve growth factor (NGF; 10 ng/ml) was not required for sensory neurons survival but was necessary to promote neurite outgrowth, as assessed by immunostaining of the 150 kDa neurofilament. A vigorous neurite elongation was detected inside the reconstructed tissue after 14 and 31 days of neurons culture, reaching up to 770 µm from day 14. Axons were often observed closely associated with the capillary-like tubes reconstructed in the model, in a similar pattern as in the human dermis. The presence of endothelial cells induced a significant increase of the neurite elongation after 14 days of culture. The addition of human keratinocytes totally avoided the twofold decrease in the amount of neurites observed between 14 and 31 days in controls. Besides the addition of NGF, axonal growth did not necessitate B27 supplement or glial cell coculture to be promoted and stabilized for long-term culture. Thus, this model might be a valuable tool to study the effect of various cells and/or attractive or repulsive molecules on neurite outgrowth in vitro.
Meanwhile, none of these in vitro models allowed the long-term study of neurite growth in a well-defined three-dimensional environment that truly mimicked the living connective tissue in which peripheral nerves grow in vivo. The goal of this study was to develop and characterize the first three-dimensional culture system that closely reproduces a peripheral nerve regeneration process in vitro.
MATERIALS AND METHODS

Cell cultures
Keratinocytes and fibroblasts were isolated from human skin biopsies after breast reductive surgeries as described previously (25) . Fibroblasts were grown in Dulbecco-Vogt modification of Eagle's medium (DMEM; Invitrogen, Burlington, Canada) supplemented with 10% fetal bovine serum (HyClone, Logan, UT), 100 U/ml penicillin, and 25 µg/ml gentamicin (Shering, Oakville, Canada). Keratinocytes were grown and used at the second passage in DMEM with Ham's F-12 in a ratio 3:1 (Invitrogen) supplemented with 10% newborn calf serum (FetalClone II, HyClone), 24.3 µg/ml adenin (Sigma, Oakville, Canada), 10 ng/ml human epidermal growth factor (Austral, San Ramon, CA), 5 µg/ml bovine insulin (Sigma), 0.4 µg/ml hydrocortisone (Calbiochem, La Jolla, CA), 10 −10 M cholera toxin (ICN, St-Laurent, Canada), and antibiotics, as described previously (25, 26) . Human umbilical vein endothelial cells (HUVEC) were obtained from healthy newborn by enzymatic digestion and grown on gelatin coated tissue culture flasks in M199 medium (Sigma) supplemented with 20% newborn calf serum, 2.28 mM glutamine (Invitrogen), 25 000 IU/ml heparin (Leo Laboratories, Pickering, Canada), 19 µg/ml endothelial cell growth supplement (Sigma), and antibiotics, as described previously (27) . Fibroblasts and endothelial cells were used at fifth passage. Cells were grown in 8% CO 2 at 37°C, and culture medium was changed every 2 days.
Sensory neurons were extracted from the dorsal root ganglions (DRG) of mice embryos (E 13) as described previously (28) . Briefly, pregnant CD-1 mice (Charles River Laboratories, Lasalle, Canada) were killed by inhalation of CO 2 and embryos were dissected to obtain DRG, which were removed from the spinal cords, washed, and trypsinized. Sensory neurons were added freshly to the tissue-engineered models. All the manipulations of the animals were done with respect to the rules established from the Canadian Council on Animal Care.
Preparation of the chitosan/collagen biopolymer
Collagen sponges were prepared as described previously (29, 30) but without chondroitins 4-6 sulphates. Briefly, type I, III bovine collagen (Symatese, Chaponost, France), and chitosan (SADUC, Lyon, France) were dissolved in 0.1% acetic acid and mixed. After being mixed, 1 ml/well (3.8 cm 2 ) of the final solution was poured in 12-well plates (Becton Dickinson, Toronto, Canada) and frozen at -80°C for 1 h. The frozen plates were then lyophilized in a Genesis 12EL vacuum lyophilizer (Virtis, Gardiner, NY), immersed in 70% ethanol overnight, rinsed, and equilibrated in 3 ml/well of supplemented DMEM at 37°C and 8% CO 2 for 24 h.
Preparation of the tissue-engineered models of peripheral nerve regeneration
A reconstructed connective tissue and an endothelialized reconstructed connective tissue were developed. For the reconstructed connective tissue, fibroblasts were trypsinized and a suspension of 4.2 x 10 5 cells/cm 2 was added in each well on the top of the collagen sponge and cultured for 17 days in the same medium described for fibroblast monolayer cultures supplemented with 100 µg/ml ascorbic acid (Sigma). For the endothelialized reconstructed connective tissue, fibroblasts and HUVEC were trypsinized and a suspension of 2.1 x 10 5 cells/cm 2 of each cell type were added in each well on the top of the collagen sponge and cultured for 17 days in a 1:1 ratio of the same medium described for fibroblasts and endothelial cells monolayer cultures supplemented with 100 µg/ml ascorbic acid. Then, a suspension of 1.3 x 10 5 cells/cm 2 of sensory neurons was seeded on each reconstructed tissue.
For conventional models of peripheral nerve regeneration (MPNR without keratinocytes), samples were cultured for 14 days at the air-liquid interface after addition of neurons and in some experiments nerve growth factor (NGF) was omitted.
Models with keratinocytes were compared with controls cultured in exactly the same conditions but without keratinocytes (named MPNR without keratinocyte in figures). MPNR with keratinocytes and their controls were grown 7 days with sensory neurons at the air-liquid interface and were flipped upside down and reseeded with a suspension of 2.1 x 10 5 cells/cm 2 of fibroblasts. After 3 additional days of culture, they were seeded with a suspension of 2.1 x 10 5 cells/cm 2 of keratinocytes (except for controls). Then, they were either cultured for 4 days in immersion (named 14 days MPNR with or without keratinocytes in figures) or cultured 7 days in immersion and then lifted to the air-liquid interface and cultured for 14 additional days (named 31 days MPNR with or without keratinocytes in figures), before processing and analysis.
From the day neurons were seeded onto the models, the culture medium used was the same for all the MPNR: DME-Ham supplemented with 10% fetal bovine serum, 10 ng/ml NGF 2.5S (Invitrogen), 0.4 µg/ml hydrocortisone, 5 µg/ml bovine insulin, 100 µg/ml ascorbic acid, and antibiotics (31) . All models were cultured in 8% CO 2 at 37°C, and culture media were changed every 2 days. The number of days of the MPNR culture further indicated (14 and 31 days) began with the seeding of neurons to the MPNR.
Histology
Tissue-engineered equivalents were fixed in Histochoice tissue fixative (Amresco, Solon, OH) and embedded in paraffin. Sections (4 µm) were stained with Masson's trichrome.
Indirect immunofluorescence staining
Frozen tissue sections (5 µm or 30 µm for confocal microscopy) were fixed in phosphate buffered saline (PBS) 1% (v/v) formol followed by 100% methanol. Tissue sections were then blocked in PBS containing 1% (w/v) bovine serum albumin (Sigma) and incubated with antibodies. Rabbit anti-neurofilament 150 kDa polyclonal antibody, mouse anti-human PECAM-1 monoclonal antibody, guinea pig anti-protein gene product 9.5 (PGP 9.5) polyclonal antibody, and rabbit anti-calcitonin gene related peptide (CGRP) polyclonal antibody (all from Chemicon International Inc., Temecula, CA) were used. Immunoglobulins fixed on the antigen were recognized with goat anti-rabbit IgG conjugated to fluoresceine (Chemicon), goat anti-rabbit IgG conjugated to Alexa Fluor® 488 (Molecular Probes, Eugene, OR), goat anti-mouse IgG conjugated to rhodamine (Chemicon), goat anti-mouse IgG conjugated to Alexa Fluor 594 (Molecular Probes), and goat anti-guinea pig IgG conjugated to Alexa Fluor 594 (Molecular Probes). As controls, the primary antibody was omitted. Sections were viewed with a Nikon eclipse E600 epifluorescence microscope (Nikon, Tokyo, Japan) and with a Nikon diaphot inverted laser scanning confocal microscope combined with a Bio-Rad MRC-1024 system (BioRad Ltd., Hempstead, UK). The serial images collected throughout one section with the confocal microscope were summed to give a two-dimensional representation of the full depth of the field. Images were processed with Adobe® Photoshop® 6.0 (Adobe Systems Inc., San Jose, CA).
Data collection and statistical analysis
Neurites detected by immunofluorescent staining of the 150 kDa neurofilament were counted by a single observer on the total area of the transversal section of the different MPNR. The total area of each transversal section was measured with MetaView imaging system 4.5 (Universal Imaging Corporation, Downington, PA). The number of neurites in each section was then divided by the area of the section to give a neurite density expressed as the number of neurites per millimeter squared of the MPNR. The higher neurite length was also measured on the total area of each MPNR transversal section with MetaView and was expressed as the maximal depth (in microns) covered by the neurite elongation in each condition. For each condition, a total of four MPNR was assessed. Values are expressed as the means ± SD. Differences were tested by the Wilcoxon rank sum test. Probability level was regarded significant at P<0.05.
RESULTS
Characterization of the tissue-engineered MPNR
MPNR were prepared in vitro by culturing sensory neurons onto collagen-chitosan sponges seeded with fibroblasts or with fibroblasts and HUVEC. After a total of 31 days of culture, a lot of cells remained on the top of the collagen sponge but there were many cells that were seen deeper in the sponge (Fig. 1A and B ). In the model with HUVEC, these cells formed capillarylike structures (Fig. 1B, arrows) as described previously (27) . After a total of 48 days of culture (14 days at the air-liquid interface), when the MPNR were made with keratinocytes to prepare reconstructed skin models, they displayed a thick and well-differentiated epidermis with a stratum corneum that protected the underlying cell layers (Fig. 1C) . This good organization resembled that in normal human skin (Fig. 1D) .
Neurite outgrowth in the tissue-engineered MPNR: effect of NGF, endothelial cells, and keratinocytes
The neurite outgrowth process in the MPNR was assessed in the presence or absence of NGF by staining neuronal cells with the 150 kDa neurofilament, an intermediate filament expressed only in neurons. In models containing endothelial cells, a staining of PECAM-1 was also performed. PECAM is a cell-adhesion molecule expressed in endothelial cells when they form a vascular network. To study the effect of the epidermis on neurite outgrowth, keratinocytes were added on the opposite side on models with and without HUVEC to reconstruct a skin model of nerve regeneration. To do this, our model was flipped upside-down and the keratinocytes were seeded on the other side (with respect to neurons).
Neurons survived without addition of NGF in the cell layer on the top of the sponges in the model with fibroblasts only ( Fig. 2A ) and in the model with fibroblasts and endothelial cells (Fig.  2B ) for 14 days, but no neurite extension was observed. When 10 ng/ml of NGF were added to the culture media, neurites were seen deep down the sponges in the model with fibroblasts (Fig.  2C ) and with fibroblasts and endothelial cells (Fig. 2D) . A close association between the capillary-like network and neurites was observed within the sponge (Fig. 2H) . This closely resembled the normal human skin (Fig. 2G) . In addition, no significant changes were detected in the number, length, orientation, and growth of neurites after 31 days of culture, between models with fibroblasts and keratinocytes (data not shown) and with fibroblasts, endothelial cells, and keratinocytes (Fig. 2E) , compared with models without epidermis (Fig. 2D) . A positive staining of the CGRP, a neurotransmitter expressed by sensory neurons, was also detected in neurites that were stained by protein gene product (PGP 9.5), a broad marker of neurons (32; Fig. 2F ).
To further characterize the nerve network in the tissue-engineered MPNR, an observation of 150 kD neurofilament-positive neurites was performed by confocal microscopy. This technique allowed us to scan a 30 µm thick section of the model to observe the neurite network in full length. The neurites did not only go down deep inside the sponge, but they extended in all directions to innervate large areas of the reconstructed tissue (Fig. 2I ).
The number of neurites was determined by counting NF150-positive fibrils in a whole sample section, reconstituted by the combination of high magnification pictures. Reconstructed skin sample sections had a mean surface of 9.5 ± 2.1 mm 2 (n=20). When 10 ng/ml of NGF was added to the culture medium, a high number of neurites was detected 14 days after addition of neurons in both the conventional MPNR and the MPNR flipped upside-down and without keratinocytes (Fig. 3) . Meanwhile, after 31 days of culture, a significant two times decrease (P<0.03) in the number of neurites was observed in the MPNR without keratinocytes, compared with day 14 (5.9±0.6 at day 31 vs. 15.9±0.7 neurites/mm 2 at day 14). However, this decrease was avoided in the presence of keratinocytes, because no significant difference in the number of neurites was noticed between MPNR with and without keratinocytes at day 14 and MPNR with keratinocytes at day 31 (14.1±1 neurites/mm 2 ; Fig. 3 ). However, endothelial cells did not significantly modulate the number of neurites at any time and any culture condition.
The maximal neurite elongation was determined by measuring the higher neurite length on each sample section. The maximal neurite elongation after 14 days of culture was significantly increased (P<0.03) by 37% in the endothelial cells-populated MPNR (505±38 µm), compared with MPNR without endothelial cells (367±7.6 µm). The coculture with endothelial cells did not induce a significant effect after 31 days of culture and at all time points when keratinocytes were present (Fig. 4) .
DISCUSSION
The purpose of this study was to develop and characterize in vitro a tissue-engineered model of the peripheral nerve regeneration process. In a first step, we focused on the preparation of a connective tissue that could support neurite outgrowth. Based on our knowledge in the reconstruction of skin by tissue engineering, we took advantage of the dermal part of our exclusive model of endothelialized reconstructed skin as a basis to prepare an endothelialized connective tissue. Indeed, this model has the unique feature to encourage the spontaneous reconstruction by human endothelial cells of a network of capillary-like tubes that mimics the skin vasculature (27, 33) . This allowed us to study the close association between nerves and capillaries in vitro in a very physiological environment.
Peripheral nerves are mostly found in vivo in connective tissues made of fibroblasts, endothelial cells, and the extracellular matrix they produced. These elements should play a major role in the maintenance and regeneration of nerves, by cell-cell and cell-matrix contacts, and the release of growth factors and signaling molecules. Fibroblasts and endothelial cells are known to produce vascular endothelial growth factor (VEGF; refs [34] [35] [36] , which was demonstrated to activate axonal growth (37, 38) , as well as NGF and brain-derived neurotrophic factor (BDNF; refs [39] [40] [41] [42] [43] . In addition, the deposition of high amounts of extracellular matrix in our model of connective tissue (44, 45) should help to support neurite outgrowth (46) .
To assess the effect of a tissue-engineered connective tissue on neurite outgrowth in vitro, we seeded sensory neurons extracted from mouse dorsal root ganglia on the top of human fibroblasts or fibroblasts and human endothelial cells cultured for 17 days in a collagen-chitosan sponge. This construct was then maturated at the air-liquid interface for 14 or 31 days to establish a gradient of nutrients and growth factors that might favor neurite outgrowth from the top to the bottom of the sponge. Neurofilament 150 kDa positive cells were observed in the model after 14 days of culture in absence of NGF and any other supplement specific to neurons. We concluded that some sensory neurons survived for 14 days in these culture conditions, although peripheral neurons are known to require NGF for survival in vitro (47, 48) . This unexpected survival in our model should be due to the coculture with fibroblasts, which could secrete growth factors that support neuron survival in vitro, such as NGF and BDNF (41) (42) (43) . Neurites growing from neurons located on the top of the sponge were observed in the middle of the tissue only when 10 ng/ml of NGF were added in the culture medium.
In addition, we demonstrated that a vigorous neurite outgrowth was obtained in our model of peripheral nerve regeneration, as demonstrated by a confocal microscopy observation of the tissue within a 30 µm thick section.
The presence of endothelial cells had no influence on the number of neurites but increased the neurite elongation from 37% after 14 days of culture. This effect was not maintained after 31 days of culture. It could be hypothesized that capillaries mostly played a role of enhancer, which should only be noticeable in the beginning of the neural network establishment. In addition, capillary-like tubes reconstructed by endothelial cells were often found closely associated with nerves in an identical pattern compared with human skin. Thus, endothelial cells seem to modulate the spatial organization of axons and to favor their growth. Indeed, neurite growth could be facilitated by migration on the laminin-rich basement membrane of the capillary-like tubes and/or by the secretion of NGF and BDNF by endothelial cells (39, 40) . However, axons might also influence the organization and the level of differentiation of the capillary-like network, as recently demonstrated in skin (49) .
The increased elongation of neurites induced by endothelial cells was not observed in the presence of keratinocytes, probably because of a greater influence of these cells on axons compared with endothelial cells, as discussed hereinafter.
In addition, because keratinocytes were known to produce NGF (50), we hypothesized that epidermis should play a role in axonal guidance. We prepared a model of innervated reconstructed skin, with or without endothelial cells. We observed that the presence of a welldifferentiated epidermis did not seem to influence neurite outgrowth, in terms of the length, orientation, and number of neurites in these culture conditions after 14 days of culture. However, a twofold decrease in the number of neurites was observed between 14 and 31 days of culture in models with and without endothelial cells. This result suggested that the MPNR failed to maintain for up to 31 days the neurites that grew during the first 2 wk, because one-half of them disappeared. This major decrease was completely avoided in the presence of keratinocytes. Thus, the epidermis could favor the stabilization of the neurite network for long-term cultures. This effect could be due to paracrine interactions with keratinocytes, which are the natural target cells for sensory nerves in the epidermis, along with Merkel cells.
This axonal growth was mostly due to the presence of fibroblasts and to the addition of NGF. However, neurite outgrowth did not necessitate addition of the B27 supplement, which is usually essential for neuronal survival in culture (7, 51) , or coculture with glial cells. Moreover, a longterm culture of neurons can be performed in this model, up to 4 wk and more (data not shown), compared with less than a week as generally observed with other models of neuronal culture (2, 20, 52 ). This is a major advantage to study the effect of different molecules and cells on neurite outgrowth on a long-term basis, as we have shown by demonstrating an influence by keratinocytes on the neurite network only detected after 31 days of neurons culture. The absence of a Schwann cell coculture requirement is also an advantage to study a specific effect of drugs on axons, independently of glial cells. However, the addition of Schwann cell can also be performed in the model, as we plan to do.
In conclusion, we developed a unique model that mimicked the peripheral nerve regeneration process in vitro. This tissue-engineered model allowed a vigorous neurite outgrowth from dorsal root ganglia neurons from the top to the bottom of the tissue on up to a mean distance of 770 µm from 14 days of culture. Axons were attracted by NGF added in the culture medium underneath the tissue. Axons migrated through a dense extracellular matrix that was made by human fibroblasts and that was nearly similar to the normal connective tissue matrix (44, 53) . This fibroblast-reconstructed matrix should reproduce a three-dimensional environment much closer to the in vivo situation than an agarose gel, a collagen gel, or a Matrigel™ (20) (21) (22) (23) (24) . In addition, this model is highly flexible because various types of cells can be cocultured in it, such as Schwann cells and dendritic cells, while motor or sympathetic neurons can be used instead of sensory neurons. Various types of molecules can be added in the model, such as inhibitory, repulsive, or attractive molecules. These molecules can be mixed with the culture medium or incorporated in the collagen sponge taking advantage of its ionic bonds. 
